INTRODUCTION
Angiogenesis is the formation of new blood vessels from the existing vascular network, which is induced under physiological and pathophysiological stimuli, including hypoxia and ischemia, inflammation, wound healing and tumor genesis. Proliferation, tube formation and migration of endothelial cells are essential steps in the multiple processes of angiogenesis. Although various growth factors initiate downstream signaling pathways mediated by tyrosine kinase receptors, heterotrimeric G-proteins are also involved in signal integration in angiogenesis. Receptor tyrosine kinases, such as platelet-derived growth factor β receptor, insulin receptor and insulinlike growth factor receptor, use heterotrimeric G-proteins to mediate angiogenic signaling (Imamura et al., 1999; Alderton et al., 2001; Kuemmerle and Murthy, 2001) . Additionally, Gα q/11 and Gβγ subunits mediate vascular endothelial growth factor (VEGF)-mediated cell proliferation (Zeng et al., 2002 (Zeng et al., , 2003 . Gγ 2 is required for VEGF-mediated angiogenesis in zebrafish (Leung et al., 2006) . G-protein signaling plays important roles in the maintenance of cell function under conditions of physiological stress. In the conventional model, heterotrimeric G-proteins are activated by G-protein-coupled receptors at the cell surface in response to extracellular stimuli. However, many studies indicate the existence of accessory proteins that directly regulate the activation status of heterotrimeric G-proteins without receptor activation. Such accessory proteins include proteins that activate or deactivate the Gα subunit or work as alternative binding partners for Gα or Gβγ subunits (Sato et al., 2006a; Kimple et al., 2011; Blumer and Lanier, 2014) . This novel class of regulatory proteins might provide an alternative signal input through heterotrimeric G-protein signaling that is involved in various tissue responses to pathophysiological stress (Sato, 2013) .
For example, dexamethasone-induced Ras-related protein 1 (DexRas1, also known as RASD1), a direct activator of Gα i subunits, is involved in the secretion of atrial natriuretic factor during volume overload in heart failure. Transcription factor E3 (TFE3, also known as AGS11), which was isolated from murine hypertrophied heart, selectively forms a complex with the Gα 16 subunit (Sato et al., 2011) . TFE3-Gα 16 is associated with the induction of claudin-14 through an new type of transcriptional regulation (Sato et al., 2011) . Regulators of G-protein signaling (RGSs), a family of proteins that accelerate the GTPase activity of the Gα subunit leading to inhibition of G-protein signaling, are involved in hypertension, cardiac hypertrophy and/or hypoxiamediated injury (Wieland and Mittmann, 2003; Gu et al., 2009; Zhang and Mende, 2011) . Interestingly, RGS5, which acts as a GAP for Gα q and Gα i/o subunits, is reported to be an important player in vascular remodeling. In particular, roles of RGS5 in pericytes and endothelial cells in neovascularization in tumors have been described (Nisancioglu et al., 2008; Silini et al., 2012) .
Previously, we identified activator of G-protein signaling 8 (AGS8, also known as FNDC1) from a cDNA library of the rat heart subjected to repetitive transient ischemia (Sato et al., 2006b ). AGS8 was upregulated in response to hypoxia and ischemia in the myocardium and interacted directly with Gβγ. Further analysis indicated that AGS8-Gβγ plays a pivotal role in the hypoxiainduced apoptosis of cardiomyocytes by regulating connexin 43 (CX43, also known as GJA1) permeability (Sato et al., 2009 ). The rat heart from which AGS8 was isolated had an extensive development of collateral vessels induced by repetitive transient ischemia (Sato et al., 2006b) . AGS8 is also expressed in endothelial cells, which might be involved in angiogenic events (Sato et al., 2006b) . However, the role of AGS8 in vessel formation has not been investigated. Here, we present the first report of the role of AGS8 in vessel formation, indicating that AGS8 is involved in angiogenic signaling in human umbilical vein endothelial cells (HUVECs).
RESULTS

Suppression of AGS8 attenuates tube formation of endothelial cells
To determine the role of AGS8 in vessel formation, we first analyzed the effect of knocking down AGS8 on tube formation by HUVECs. Small interfering RNA (siRNA) for AGS8 (AGS8 siRNA), but not control siRNA, successfully suppressed the expression of AGS8 mRNA to 12.2% of the level observed in cells treated with control siRNA (Fig. 1A) . At 48 h after siRNA treatment, HUVECs were subjected to a tube formation assay in Matrigel in the presence of 1% fetal bovine serum (FBS). AGS8 knockdown clearly inhibited tube formation at both time points analyzed, and the magnitude of inhibition was greater at 18 h (23.3±2.9% versus control) than at 6 h (51.7±4.3% versus control) (mean±s.e.m.; P<0.01; Fig. 1B) . In separate experiments, we found that individual AGS8 siRNA significantly reduced the levels of AGS8 mRNA and tube formation by HUVECs (Fig. S1) .
We also examined the influence of AGS8 knockdown on another type of endothelial cell: human umbilical arterial endothelial cells (HUAECs). As observed in HUVECs, AGS8 knockdown successfully inhibited tube formation to a similar extent at 6 h (38.5±6.8% versus control, P<0.01) and 18 h (30.0±4.8% versus control, P<0.01), suggesting that the effect of AGS8 was not specific to HUVECs (Fig. 1C) . After 48 h, AGS8 mRNA expression was determined by real-time PCR. Data are expressed as means±s.e.m. from seven independent experiments. **P<0.01 (unpaired t-test).
(B,C) At 48 h after transfection, HUVECs (B) or HUAECs (C) were subjected to a tube formation assay with 1% FBS as described in the Materials and Methods. Pictures were taken at indicated time points in independent microscopic field. Tube length in each image is presented in arbitrary units (a.u.), and expressed as the percentage of that with control siRNA at 6 h. Data are expressed as means±s.e.m. from four independent experiments performed in triplicate. **P<0.01 versus control of each group (two-way ANOVA with Tukey's correction). (D) Effect of a VEGFR-2 kinase inhibitor on serum-induced tube formation. HUVECs were treated with 1% FBS and a VEGFR-2-specific inhibitor. Tube length in each image is presented as arbitrary units (a. u.), and expressed as a percentage of the value at for 0 μM. Data are means±s.e.m. from four independent experiments performed in triplicate. *P<0.05, **P<0.01 (one-way ANOVA with Dunnett's correction). Scale bars: 200 μm.
VEGF is one of the most important growth factors for vessel formation among pro-angiogenic substrates. Indeed, tube formation stimulated by FBS was blocked efficiently by a vascular endothelial growth factor receptor 2 (VEGFR-2, also known as KDR) kinase inhibitor in a dose-dependent manner (Fig. 1D) . Next, we focused on the involvement of AGS8 in VEGF-mediated signaling in the following experiments.
AGS8 is involved in VEGF-mediated signaling in endothelial cells VEGF (25 ng/ml) stimulated tube formation in HUVECs to a similar extent as 1% FBS ( Fig. 2A) . AGS8 knockdown again inhibited tube formation at 6 h (30.0±4.0% versus control) and at 18 h (27.0±4.8% versus control) (mean±s.e.m.; P<0.01; Fig. 2A ). The influence of AGS8 knockdown on other VEGF-mediated cellular events was analyzed next for the growth and migration of cells. VEGF simulated cell growth in a dose-dependent manner. Control siRNA did not influence this proliferation; however, AGS8 siRNA completely blocked cell growth (Fig. 2B) . The number of migrating cells was also increased following stimulation with VEGF in a dose-dependent manner. Control siRNA did not influence this activity; however, again, AGS8 siRNA completely blocked this effect (Fig. 2C ). These data suggest that AGS8 is required for VEGF-mediated signaling in HUVECs.
Knockdown of AGS8 blocks VEGFR phosphorylation and intracellular signaling
The influence of AGS8 knockdown on VEGF-activated intracellular signaling was determined in HUVECs (Fig. 3A,B) . VEGF increased the phosphorylation of p38 MAPK family proteins and ERK1 and ERK2 (ERK1/2, also known as MAPK3 and MAPK1, respectively) with a peak at 5-10 min (Fig. 3B) . Knockdown of AGS8 did not influence the expression levels of both kinases; however, their phosphorylation was significantly reduced.
Six tyrosine residues of VEGFR-2, located in the kinase insert domain, distal kinase domain and C-terminal tail, are phosphorylated following binding of VEGF to its receptor (Roskoski, 2008) . We examined the influence of AGS8 siRNA on the phosphorylation of each domain. Phosphorylation of VEGFR-2 Fig. 2 . Effect of AGS8 knockdown on VEGF-induced tube formation, cell proliferation and migration in HUVECs. (A) HUVECs transfected with control (Cont.) siRNA or AGS8 siRNA were subjected to a tube formation assay under stimulation with VEGF (25 ng/ml) as described in the Materials and Methods. Pictures were taken after 6 h and 18 h in independent microscopic fields. Tube length in each image is presented in arbitrary units (a.u.), and expressed as the percentage of that with control siRNA at 6 h. Data are expressed as means±s.e.m. from four independent experiments performed in triplicate. **P<0.01 (two-way ANOVA with Tukey's correction). N.S., not significant (unpaired t-test). (B) HUVECs transfected with siRNA were seeded on 96-well plate, and incubated with EBM2 containing 1% FBS for 6 h. Then, cells were stimulated by VEGF for 48 h, and the viability of cells was determined by an MTT assay. Data are expressed as means±s.e.m. from four independent experiments performed in batches of six. The bar graph represents absorbance (x-axis, percentage of control) versus the VEGF concentration of each group ( y-axis). **P<0.01 or N.S. versus control of each group without VEGF treatment (one-way ANOVA with Dunnett's correction). (C) HUVECs on fibronectin-coated Transwell were stimulated with VEGF (25 ng/ml) for 4 h, then fixed with 4% PFA followed by staining with 1% Crystal Violet. The migrated cells were counted from three independent microscopic fields. Representative pictures are shown in the upper panel; migrated cell numbers are shown in the lower panel. Data are expressed as means±s.e.m. from four independent experiments performed in duplicate. **P<0.01 (two-way ANOVA with Tukey's correction).
was increased at a number of tyrosine residues; namely, Tyr996 in the kinase insert domain, Tyr1054 in the distal kinase domain, and Tyr1175 in the C-terminal tail, with a peak at 5-10 min; however, the phosphorylation of all tyrosine residues was significantly reduced following AGS8 knockdown (Fig. 3A) . By contrast, the expression level of VEGFR-2 was not decreased by AGS8 siRNA, suggesting that AGS8 is required for VEGF-induced receptor phosphorylation.
Phosphatase inhibitors clearly increased the magnitude of phosphorylation of VEGFR-2 following VEGF stimulation (at Tyr996, 66.0±8.1%; Tyr1059, 80.1±5.3%; and Tyr1179, 51.2± 4.0% versus the indicated relative control; mean±s.e.m., P<0.05). However, they only led to a partial recovery in the phosphorylation of VEGFR-2 upon AGS8 siRNA treatment, suggesting the effect of AGS8 siRNA was not due to an increase in phosphatase activity (Fig. 3C) . , and p-ERK1/2 and p-p38 MAPK (B). Cell lysate (10-20 μg) from HUVECs transfected with no siRNA, control (Cont.) siRNA or AGS8 siRNA was subjected to immunoblotting, and the intensity of signal was quantified by densitometric analysis. The value was normalized to that of VEGFR-2 (A), and ERK1/2 and p38 MAPK (B), respectively. Representative pictures are shown. *P<0.05, **P<0.01 versus control siRNA (two-way ANOVA with Tukey's correction). (C) HUVECs transfected with the indicated siRNA were treated with phosphatase inhibitor (P.I.) for 30 min, then stimulated with VEGF (25 ng/ml) for 15 min. Immunoblotting was performed as A. Data are means±s.e.m. from four independent experiments. *P<0.05, **P<0.01 (unpaired t-test).
Influence of AGS8 knockdown on EGF, bFGF and NRP1
To determine whether AGS8 generally influences the signal processing of receptor tyrosine kinases, the effect of AGS8 siRNA on other transmembrane tyrosine kinase receptors was analyzed by stimulating cells with epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF). Interestingly, AGS8 siRNA did not attenuate EGF-mediated cell proliferation or EGFR phosphorylation (Fig. 4A,B) . Likewise, bFGF still stimulated cell proliferation in a dose-dependent manner following silencing of AGS8, whereas the response to 10 ng/ml bFGF was lower in the AGS8 siRNA group than in the control siRNA group (Fig. 4C) . Overall, the effect of AGS8 siRNA on EGF and bFGF signaling was limited, suggesting the preferential regulation of VEGFR-2-mediated signaling by AGS8.
The neuropilin 1 (NRP1) co-receptor is an important partner for optimal VEGF signaling (Pellet-Many et al., 2008) . In particular, the NRP1-VEGFR-2 complex plays an important role in vascular formation and cardiovascular development (Pellet-Many et al., 2008) . Knockdown of NRP1 reduced the expression of VEGFR-2 in endothelial cells (Holmes and Zachary, 2008) ; however, AGS8 siRNA did not influence the protein expression of NRP1 (Fig. 4D) .
AGS8 mediates the cell surface expression of VEGFR
To investigate the mechanism by which AGS8 siRNA inhibited VEGFR signaling, we analyzed the level of cell surface VEGFR-2 using FACS analysis with an FITC-conjugated anti-VEGFR-2 antibody. Interestingly, VEGFR-2 was significantly decreased at the cell surface following treatment with AGS8 siRNA (37.9±4.8% versus control siRNA), whereas the level of VEGFR-2 was increased slightly in pearmeabilized cells (125.5±2.7% versus control siRNA) (mean±s.e.m., P<0.01; Fig. 5A ). This was in contrast to the cell surface level of VEGFR-1 (also known as FLT1), which was increased following treatment with AGS8 siRNA (217± 2.8% versus control siRNA, P<0.01), without changing the total expression level in cell (Fig. 5B) .
Cell surface VEGFR-2 is known to be internalized upon its interaction with VEGF, which was detected by FACS analysis (45.0±4.4% versus control) (mean±s.e.m., P<0.01; Fig. 5C ). The endocytosis blockers Pitstop and Dynasore successfully prevented the VEGF-induced decrease of cell surface VEGFR-2 (Fig. 5C ). VEGFR-2 is also constitutively internalized and transferred to early endosomes (Jopling et al., 2011) . The endocytosis blockers increased cell surface VEGFR-2 in the resting state without VEGF stimulation. However, they failed to lead to a recovery in the amount of VEGFR-2 upon AGS8 siRNA treatment, suggesting that the loss of cell surface receptors caused by AGS8 siRNA was not due to the acceleration of endocytosis (Fig. 5D) .
Then, we examined the subcellular localization of VEGFR-2 using fluorescent immunostaining (Fig. 6) . A proportion of VEGFR-2 was found in the Golgi during the resting state, as reported previously (Manickam et al., 2011) . VEGFR-2 was also found in early endosomes, but was not detected in lysosomes. Interestingly, AGS8 knockdown increased the intracellular pool of VEGFR-2 in the Golgi and early endosomes, but not in lysosomes (Fig. 6 ). These data suggest that AGS8 is involved in VEGFR-2 trafficking from the Golgi to the cell surface, and in VEGFR-2 recycling through early endosomes.
AGS8 forms a protein complex with VEGFR-2 and Gβγ
Next, we determined whether AGS8 formed a protein complex with VEGFR-2 and Gβγ in cells. An Xpress-tagged C-terminal region of AGS8 (AGS8C), which binds to Gβγ, was transfected into COS7 cells with a combination of VEGFR-2, and Gβ and Gγ (Sato et al., 2009 ). Anti-VEGFR-2 antibody successfully immunoprecipitated AGS8C and/or AGS8C-Gβγ, but failed to isolate AGS8C from lysate in the absence of VEGFR-2 expression (Fig. 7A, left panel) . Gβ itself was not co-immunoprecipitated with VEGFR-2 in the absence of AGS8C (Fig. 7A, right panel) . In the reverse experiment, anti-Xpress antibody immunoprecipitated AGS8C with VEGFR-2, suggesting that AGS8C-Gβγ and VEGFR-2 are able to form a stable complex (Fig. 7A) .
Previously, we identified the Gβγ interface of AGS8 and prepared a peptide (AGS8 peptide) based on the amino acids of the interaction domain between AGS8 and Gβγ (Sato et al., 2014) . AGS8 peptide successfully blocked the association of Gβγ with AGS8 in vitro (Sato et al., 2014) . Interestingly, the AGS8C-Gβγ signal co-immunoprecipitated with VEGFR-2 was decreased in the presence of AGS8 peptide (Fig. 7A, left panel) . AGS8C was coimmunoprecipitated with VEGFR-2 in the absence of expressed Gβγ (Fig. 7A,B) ; however, AGS8 peptide did not influence coimmunoprecipitated AGS8C signal with VEGFR-2 (Fig. 7B , right two lanes). Conversely, AGS8 peptide decreased the signal of Gβγ co-immunoprecipitated with AGS8C (Fig. 7C) . These data indicate that the AGS8 peptide interacts with the AGS8-Gβγ interface rather than with the AGS8-VEGFR-2 interface, and that the AGS8C-Gβγ interaction is important for the formation of a protein complex with VEGFR-2.
AGS8 peptide inhibits VEGF-induced tube formation
To determine the role of the AGS8-Gβγ complex in vessel formation, AGS8 peptide was delivered to HUVECs using a chemical reagent as described in the Materials and Methods. FACS analysis indicated that FITC-conjugated AGS8 peptide was incorporated successfully into HUVECs (Fig. 8A) . Interestingly, AGS8 peptide inhibited tube formation in a dose-dependent manner (46.3±4.1% versus control, 20 μg/µl) (mean±s.e.m., P<0.01; Fig. 8B ). As observed in AGS8-siRNA-treated HUVECs, AGS8 peptide inhibited the VEGF-mediated phosphorylation of VEGFR-2 (Fig. 8C) . In contrast, with AGS8 peptide, gallein, which was designed to blocks universal Gβγ signaling, failed to inhibit VEGF-mediated tube formation, proliferation and VEGFR-2 phosphorylation (Fig. S2A-C ) (Lehmann et al., 2008) . The AGS8-Gβγ complex was not disrupted by gallein in cells (Fig. S2D) . These data suggest that the AGS8-Gβγ complex, rather than a simple Gβγ signal input, is required by endothelial cells for the induction of angiogenesis.
DISCUSSION
Here, we first demonstrated the regulation of angiogenesis by an accessory protein for the heterotrimeric G-protein, AGS8. Knockdown of AGS8 in endothelial cells inhibited VEGFmediated cellular events, including tube formation, migration and proliferation. AGS8 siRNA attenuated intracellular signaling, which was associated with a decrease of cell surface VEGFR-2. In contrast, AGS8 siRNA did not attenuate EGF-or bFGF-mediated cellular events. Expressed VEGFR-2 formed a protein complex with AGS8C in cells. Additionally, AGS8 peptide, which is designed to disrupt the interaction between AGS8 and Gβγ, blocked tube formation and VEGFR-2 phosphorylation. These observations suggest that the AGS8-Gβγ complex might be involved in angiogenic events under pathophysiological challenge and that AGS8 serves as a new regulatory pathway for vessel formation.
The importance of receptor-independent accessory proteins for heterotrimeric G-proteins in disease pathogenesis has been described in many studies (Sato, 2013) . However, reports indicating roles for regulatory proteins of heterotrimeric Gproteins in vessel formation are very limited. The expression of RGS5, which binds to the Gα i/o and Gα q subunits (Zhou et al., 2001) , has been reported in neovascular vessels. RGS5 is expressed in pericytes and is involved in neovascularization by regulating the maturation of pericytes (Nisancioglu et al., 2008) . Additionally, RGS5 is highly expressed in endothelial cells isolated from human cancers, suggesting a role in the maintenance of a pro-angiogenic microenvironment (Silini et al., 2012) . However, the specific pathway by which RGS5 influences vessel formation has not been well defined. AGS8 is clearly involved in angiogenic events that are mediated by regulating VEGF-mediated signaling. An AGS8-Gβγ blocking peptide inhibited this process, suggesting that the interaction of AGS8 with the Gβγ subunit is required for this process. Although the AGS8 peptide might influence AGS8-Gβγ outside of being in a complex with VEGFR-2, and the role of Gβγ in the VEGFR-2-AGS8-Gβγ complex is not completely defined, the current data suggest the potential importance of the AGS8-Gβγ complex in the regulation of cellular functions.
We found that AGS8 is involved in the intracellular distribution and/or trafficking of VEGFR-2. A previous report has indicated that 25% of VEGFR-2 is located in the Golgi complex and then recruited to the plasma membrane upon VEGF stimulation (Manickam et al., 2011) . Additionally, VEGFR-2 undergoes constitutive endocytosis and recycling (Jopling et al., 2011) . Endocytosis blockers prevent the loss of VEGFR-2 from the plasma membrane and lead to an increase of cell surface receptors (Gourlaouen et al., 2013) . However, the decrease in VEGFR-2 caused by AGS8 siRNA was not rescued with endocytosis blockers, suggesting that AGS8 is involved in the trafficking of receptors toward the membrane rather than receptor endocytosis.
Interestingly, AGS8 knockdown had a limited effect on EGF or bFGF signaling, indicating the specificity of AGS8-mediated trafficking. Rab4, Rab5, Rab7 and Rab11 vesicles are reportedly involved in VEGFR-2 recycling (Jopling et al., 2009 (Jopling et al., , 2014 Ballmer-Hofer et al., 2011) . These Rab proteins are generally utilized in the recycling and/or degradation of various proteins, including EGFR (Ceresa, 2006) . The preference of the AGS8 to modulate a specific receptor suggests that AGS8 is not involved directly in the function of Rab proteins; AGS8 might provide the specificity of trafficking by supporting the entry of VEGFR-2 to Rab vesicles.
Although ∼40% of VEGFR-2 was still expressed at the membrane upon AGS8 siRNA treatment, phosphorylation of VEGFR-2 was clearly blocked by AGS8 siRNA. The reduction of cell surface VEGFR-2 might not fully explain the block of Fig. 7 . Interaction of the C-terminal of AGS8 (AGS8-C) with VEGFR-2 and/or the Gβγ subunit. COS7 cells in a 100-mm dish were transfected with a combination of pcDNA3, pIREShrGFP2a::VEGFR-2 containing HA epitope tag (6 μg/dish), pcDNAHis::AGS8-C containing Xpress epitope tag (6 μg/dish), pcDNA3::Gβ 1 (3 μg/dish), pcDNA3::Gγ 2 (3 μg/dish), and 2.4 (indicated as '+') or 12.0 (indicated as '++') μg of AGS8 peptide. The amount of DNA transfected was adjusted to 18 μg per dish with the pcDNA3 vector. Preparation of cell lysates and immunoprecipitation (IP) were performed as described in the Materials and Methods. The transferred membrane was reprobed with the antibodies (IB) indicated in the figure. These data are representative of five independent experiments with similar results.
VEGF-mediated signaling. VEGFR-2 dephosphorylation is regulated by multiple protein tyrosine phosphatases (PTPs), including density-enhanced phosphatase 1, PTPβ and PTP-1B (also known as PTPRJ, PTPRB and PTPN1, respectively) (Kappert et al., 2005) . The decreased VEGFR-2 phosphorylation upon AGS8 siRNA expression was not repressed by phosphatase inhibitors, suggesting that AGS8 is not involved in the regulation of phosphatases.
Cell surface VEGFR-2 was decreased following AGS8 siRNA knockdown, whereas VEGFR-1 was increased. The counterbalanced expression of VEGFR-1 and VEGFR-2 in endothelial cells has been reported during hypoxia (Marti and Risau, 1998; Ulyatt et al., 2011) , ischemia (Imoukhuede et al., 2013) and VEGF treatment (Imoukhuede and Popel, 2011) . VEGFR-1 is an isoform with higher VEGF affinity but less kinase activity than VEGFR-2, suggesting a decoy function for VEGFR-1 by sequestering VEGF (Roskoski, 2008) . The level of VEGFR-1 in the plasma membrane is up to 10-fold less than that of VEGFR-2 (Imoukhuede and Popel, 2011) . A proportion of VEGFR-1 forms heterodimers with abundant VEGFR-2, which inhibits some VEGFR-2-mediated functions (Cudmore et al., 2012) . A decrease of VEGFR-2 homodimers and increase of VEGFR-1-VEGFR-2 heterodimers might contribute to the anti-angiogenic effect of AGS8 siRNA.
Our serial observations indicate the important roles of AGS8-Gβγ in multiple cellular events. AGS8 is a Gβγ-interacting protein isolated from a rat heart with a substantial development of collaterals following repetitive transient ischemia (Sato et al., 2006b) . In endothelial cells, AGS8 is essential for VEGF-mediated vessel formation, particularly the appropriate distribution of VEGFRs. In cardiomyocytes, AGS8 is involved in hypoxia-ischemia-induced apoptosis by regulating the localization and permeability of the cell surface channel protein CX43 (Sato et al., 2009 ). Both cellular events are blocked by the AGS8 peptide, which disrupts the interaction of AGS8 with Gβγ (Sato et al., 2014) . These data might suggest a potential role for AGS8-Gβγ in the intracellular trafficking of specific proteins.
Here, we demonstrated a new regulation of vessel formation through a receptor-independent G-protein. Given that AGS8 was isolated from a rat heart subjected to repetitive transient ischemia with the development of collaterals, AGS8 likely plays key roles in pathophysiological responses in the myocardium, particularly in cardiomyocytes and endothelial cells. Accessory proteins for this heterotrimeric G-protein are involved in disease development and are potential targets for drug discovery.
MATERIALS AND METHODS
Materials
Pre-designed double-strand siRNA oligonucleotides to human AGS8 (stealth siRNAs, set of three; HSS150034, HSS150035, HSS189126), siRNA negative control with scrambled sequences, anti-Xpress mouse monoclonal antibody (#R910-25, 1:5000 dilution for immunoblot, 1:100 dilution for immunoprecipitation) and Lipofectamine siRNA Max reagent were purchased from Life Technologies (Carlsbad, CA). Antibodies against VEGFR-1 (#2893, 1:1000 dilution), VEGFR-2 (#2479, 1:1000 dilution for immunoblot, 1:100 dilution for immunoprecipitation), phospho-VEGFR-2 [Tyr996 (#2474, 1:1000 dilution), Tyr1059 (#3817, 1:1000 dilution) and Tyr1175 (#3770, 1:1000 dilution)], p38MAPK family proteins (#9212, 1:1000 dilution), phospho-p38 MAPK family proteins (Thr180/Tyr182) (#9211, 1:1000 dilution), ERK1/2 ( p44/42) MAPK (#9102, 1:1000 dilution), phospho-ERK1/2 ( p44/42) MAPK (Thr 202/204) (#9101, 1:1000 dilution), EGFR (#2232, 1:1000 dilution), phospho-EGF (Tyr1068) (#2234, 1:1000 dilution), anti-EEA1 (C45B10) (#3288, 1:200 dilution), anti-LAMP1(D2D11) (#9091, 1:200 dilution) and anti-RCAS1 (D2B6N) (#12290, 1:200 dilution) were purchased from Cell Signaling Technology (Danvers, MA). Anti-neuropilin-1 antibody was from Novus Biologicals (NBP1-40666, Littleton, CO; 1:1000 dilution). Anti-HA antibody (12CA5, 1:100 dilution) and β-actin antibody (AC-74, 1:5000 dilution) were from Sigma-Aldrich (St. Louis, MO). Anti Gβ subunit antibody (#SC-378, 1:1000 dilution) was purchased from Santa Cruz Biotechnology (Dallas, TX). pIRESHA-VEGFR-2 was kindly provided by Jacques Huot and François Houle (Centre de recherche en cancérologie de I'Université Laval, Québec, Canada) (Lamalice et al., 2006) . Cell culture and siRNA transfection (Sato et al., 2009) . The primers for RT-PCR were as follows: human AGS8, forward, 5′-TTCCGTAACCCTCTCTCCCG-3′; reverse, 5′-AACCCACGATCAAGGTCCAC-3′. Each AGS8 siRNA significantly reduced the level of AGS8 mRNA (H.H. and M.S., unpublished observation). COS-7 were cultured and transfected as described previously (Sato et al., 2011) . In brief, cells were suspended at 0.5-1.0×10 5 cells/ml, and 10 ml of suspension was plated in 100-mm dishes. After 18 h, cells were transfected with 18 μg of cDNA with Lipofectamine 3000 (Life Technologies) according to the manufacturer's instruction. Cell lysis and fractionation were performed as described previously (Sato et al., 1995 (Sato et al., , 2004 .
Tube formation assay
Growth-factor-reduced Matrigel (BD Biosciences, San Jose, CA) was used to coat the 96-well plates (50 μl/well), which was then allowed to polymerize at 37°C for 1 h. Cells were incubated with endothelial cell basal medium (EBM)-2 (Lonza) containing 1% fetal bovine serum (FBS) for 6 h, and were then trypsinized and suspended in 250 μl of EBM-2 containing 1% FBS. Cells were seeded at 1×10 4 cells/well onto Matrigel and further incubated. In some experiments, cells were treated with VEGF at 25 ng/ml or VEGFR-2 inhibitor (R&D Systems, Minneapolis, MN) at 0.1 to 5 μM, a Gβγ inhibitor gallein (Millipore, Billerica, MA) at 3.3 to 30 μM, or AGS8-blocking peptide (Sato et al., 2014) at 100 μg/ml. Pictures of capillary-like structures were taken at 6-h and 18-h time points. Tube length was determined by tracing lines along the cells using ImageJ software (Schneider et al., 2012) . The total tube length of each image was determined by an observer blinded to the conditions. The data are presented in arbitrary units (a.u.).
MTT assay
Human recombinant VEGF, epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF) were purchased from Wako Chemicals (Osaka, Japan). The cell proliferation was analyzed using a Vybrant MTT cell proliferation assay kit (Life Technologies), according to the product instructions. Briefly, cells in six-well plates were transfected with siRNAs and incubated for 24 h. Next, cells were transferred to 96-well plates at 5×10 3 cells/well. After 24 h, cells were incubated with EBM-2 containing 1% FBS for 6 h, and treated with VEGF for 48 h, EGF for 24 h or bFGF for 48 h. Then, cells were incubated with MTT at 37°C for 4 h. Medium was removed, and SDS-HCl solution (10% SDS, 0.01 M HCl) was added to each well. After incubation for 18 h at 37°C, the absorbance was measured with a SpectraMax (Molecular Devices) at a wavelength of 570 nm.
Cells migration assay
HUVECs suspended at 5×10 4 cells/200 μl were seeded on fibronectincoated Transwell inserts with 8 μm pores (BD Biosciences) that had been pretreated with 3% BSA. Cell migration was stimulated by VEGF (25 ng/ml) in the lower chamber of the 24-well plate. After 4 h, the Transwell inserts were fixed in 4% PFA, stained with 1% Crystal Violet. Digital microscopic images of the underside of each Transwell insert at independent microscopic fields were taken, and cells stained were counted.
Peptide delivery
Delivery of peptide to cells was essentially performed as described previously (Sato et al., 2014) . Briefly, peptide was incubated with 4 μl of PLUSin (Polyplus, Illkirch, France) in 100 μl of EBM-2 for 15 min, and then the mixture was added to each well of cultured HUVECs in 12-well plates. Cells were then incubated for 4 h before stimulation by VEGF (25 ng/ml) for tube formation assay or immunoblotting. The incorporation of the peptide by cells was determined with fluorescein isothiocyanate (FITC)-conjugated AGS8 peptide by flow cytometric analysis (Sato et al., 2014) . In some immunoprecipitation experiments, 2.4-12.0 μg of AGS8 peptide was incubated with 12 μl of Lipofectamine 3000 (Life Technologies) for 5 min, and then added the mixture to COS7 cells in a 10-cm dish 4 h before harvesting.
Immunoblotting
HUVECs were cultured in six-well plates were washed with ice-cold PBS, and collected in SDS-PAGE sample buffer (65.8 mM Tris-HCl, pH 6.8, 2.1% SDS, 26.3% glycerol, 0.01% Bromophenol Blue) with protease inhibitor cocktail (Roche, Indianapolis, IN) and 4% 2-mercaptoethanol. The lysates were separated by SDS-PAGE, and the gel was transferred onto the PVDF membrane (Millipore, Billerica, MA). The membrane was blocked with Tris-buffered saline containing 5% bovine serum albumin (SigmaAldrich) and incubated with primary antibodies. The membranes were then treated with horseradish-peroxidase-conjugated secondary antibodies (GE Healthcare, Munich, Germany), and signals were detected using Immunostar LD western blotting detection reagents (Wako Chemicals, Osaka, Japan) and a LAS4000 image analyzer (GE Healthcare). For quantification, the band intensity was analyzed by the ImageJ software.
Immunocytochemistry
HUVECs were cultured on the 13-mm poly-L-lysine-coated coverslips (Matsunami Glass, Osaka, Japan). Cells were washed twice with PBS, and then fixed with 4% paraformaldehyde containing 4% sucrose in PBS for 15 min followed by incubation with 0.2% Triton X-100 in PBS for 5 min. After three washes with PBS, cells were incubated with 5% normal donkey serum in PBS for 1 h to block the nonspecific staining, incubated with fluorescein-conjugated anti-human VEGFR-2 antibody (1:200 dilution; FAB357F, R&D Systems, Minneapolis, MN) and antibodies for organelles for 18 h at 4°C. Cells were incubated with DAPI (Life Technologies) in PBS for 5 min. Slides were then mounted with glass coverslips with Fluoro Keeper antifade reagent (Nacalai Tesque, Kyoto, Japan) or ProLong antifade Gold (Life Technologies). Images were obtained with a laser confocal microscope, LSM710 (Carl Zeiss, Jena, Germany).
Flow cytometric analysis
Fluorescence-activated cell sorting (FACS) was performed using a FACS Canto II (BD Biosciences, San Jose, CA). Cells were washed with PBS and detached from culture plate with Accutase (Innovative Cell Technologies, San Diego, CA), then fixed with 2% PFA for 30 min. In the experiments using permeabilization, the cells were incubated with 90% methanol on ice for 30 min. Cells were washed with PBS containing 1% FBS, and labeled with fluorescein-conjugated anti-human VEGFR-2 antibody (1:100 dilution) and allophycocyanin (APC)-conjugated anti-VEGFR-1 antibody (1:100 dilution; FAB321A, R&D Systems, Minneapolis, MN), fluorescein-conjugated IgG1 isotype control (1:100 dilution; IC002F, R&D Systems, Minneapolis, MN) or IgG1 APC-conjugated isotype control (1:100 dilution; IC002A, R & D Systems, Minneapolis, MN) for 1 h in the dark on ice. In some experiments, cells were treated with Pitstop (Abcam, Cambridge, MA, USA) or Dynasore (Sigma-Aldrich) for 30 min, then stimulated with VEGF (25 ng/ml) for 15 min before collecting cells. FACS Calibur and CellQuest software (BD Biosciences) was used for flow cytometric analysis and for data acquisition, respectively. Flow Jo (TreeStar, Ashland, OR, USA) was used for data analysis.
Immunoprecipitation
Cell lysates were prepared in 500 µl immune precipitation buffer [50 mM Tris-HCl pH 7.4, 70 mM NaCl, 5 mM EDTA, 1% IGEPAL CA-630 (Sigma), protease inhibitor cocktail (Complete Mini; Roche Applied Science)]. At total of 500-800 μg of lysate were incubated with 1.0-6.0 µg antibody for 18 h after pre-clearing with 25 µl of 50% Sepharose-G for 1 h at 4°C. The samples were incubated with 25 µl of 50% Sepharose-G for 1 h at 4°C, and the pellets were washed three times with the immune precipitation buffer. Proteins were eluted in 30 µl of 2× Laemmli buffer and resolved by SDS-PAGE (Sato et al., 2009 ).
Other procedures and data analysis
Other procedures were as previously described (Sato et al., 2009 (Sato et al., , 2011 . Data are expressed as means±s.e.m. from independent experiments. Statistics were performed using a unpaired t-test or one-way or two-way ANOVA with Dunnett's or Tukey's correction as indicated in figure legends. All statistical analyses were performed with IBM SPSS software.
